Abstract. Guiding of intense 10 µm laser light over many Rayleigh ranges is important in many advanced accelerator schemes. We have carried out such guiding experiments using both evacuated and gas-filled tubes of different materials. The CO 2 laser pulse length was typically 200ps (FWHM) and the CO 2 laser peak power was up to 100GW. A maximum energy transmission of 15% was obtained when a 2 cm long, 1mm diameter, evacuated stainless steel waveguide was used. This dropped to about 8% when 180 mTorr of hydrogen was added to the waveguide. At the peak intensity of 5x10 14 W/cm 2 at the waveguide entrance, we expect the formation of a fully ionized plasma throughout the waveguide. The implications of the study to acceleration experiments will be discussed.
INTRODUCTION
Since the original idea of using plasma as a medium to sustain high amplitude longitudinal electric field [1] , several plasma accelerator schemes have been studied by many groups worldwide [2] . The electron energy gain is proportional to the product of the amplitude of the longitudinal electric field and the interaction length between electrons and the plasma wave. By extending the interaction length from 100µm to several cm while maintaining the same wave amplitude, it is possible to enhance the acceleration by several orders of magnitude.
The theoretical limitation on the interaction length is the dephasing length, the distance in which the electrons outrun the accelerating phase of the plasma wave and therefore stop gaining energy from it. For example, for ~10 16 cm -3 plasma density, this length is 12 cm, for 10 µm driven PBWA. However, the length of plasma, which if it is created by a high intensity laser beam, cannot exceed a few Rayleigh lengths. For example, a tightly focused 10µm laser beam, its Z R is ~1-3 mm. Therefore, a guiding mechanism is needed to increase the plasma length and, as a result, the interaction length close to the dephasing limit.
In plasma density around 10 19 cm -3 , several guiding schemes have been studied [3] . However, for low plasma densities around 10 16 cm -3 , the only mechanism reported to date is guiding through a hollow waveguide (HW) filled with a gas. Besides, it has a unique guiding structure with a radially homogeneous plasma such that extending of plasma waves in a plasma channel seems possible [4] .
Guiding of a high-intensity laser pulse in a HW was first experimentally studied by Jackel et al [5] . However, few experimental studies have been done on guiding in 10 µm wavelength region [6] , but no experiment on intensities high enough to fieldionize a gas has been conducted. In this paper, we address basic physics of guiding and report experimental results on guiding by using low-power 5 MW and high-power 100 GW CO 2 laser pulses produced by a TW-class CO 2 laser system [7] at the Neptune laboratory at UCLA. We used lower-power 1mJ, 200ps laser pulses to optimize coupling and study the length dependency of transmission in the air. Then we carried out high-power experiments with laser intensities up to 5x10 14 W/cm 2 , high enough for field-ionization of hydrogen. We studied the transmission of high-power beam in vacuum and in a gas. The chirping effect due to plasma formation is also observed.
LASER GUIDING IN A HOLLOW WAVEGUIDE
An electromagnetic radiation in a hollow waveguide can be treated as a linear combination of a set of propagating modes. Mathematically, propagating modes are the eigenmodes that satisfy Maxwell equations and the boundary conditions; physically, propagating modes are waves whose phase velocity, field profile, and attenuation coefficient do not change while propagating through the waveguide. Studies in [8] show that a waveguide structure supports three types of modes: (1) transverse circular electric (TE) modes, (2) transverse circular magnetic (TM) modes, and (3) hybrid (EH) modes. The fundamental modes (which have the lowest cutoff frequencies) of those three types of guiding modes are TE 01 , TM 01 , EH 11 modes, respectively, and their electric field lines pattern are shown below. Field components of all propagating modes are close to zero near the boundaries, but only the EH 11 mode has the transverse fields maximum on axis. Besides, the EH 11 mode is linear polarized such that it is preferable to excite the plasma wave and to be coupled from a linearly polarized laser in free space. Since the EH 11 mode is the fundamental mode, it also has group/phase velocities close to c, and a low attenuation coefficient.
For a laser pulse propagating through a hollow waveguide, the transmission of laser power can be described by the following expression
where T is the transmission, the ratio between the output and the incident power; C is the coupling efficiency; L is the waveguide length L d is the damping length. It shows that the total transmission depends upon the power coupling between free space and a waveguide; and the dissipation of radiation on waveguide walls. Theoretically, 98% of power of a free space Gaussian mode can be coupled into the fundamental EH 11 mode if the ratio between the laser spot size and the waveguide radius a is ~0.64 [9] . Therefore, monomode guiding in the fundamental EH 11 mode is preferred.
EXPERIMENTAL RESULTS ON GUIDING OF A LOW-POWER BEAM
A linearly polarized CO 2 laser beam with wavelength λ=10.6µm was delivered to a guiding system (as shown in Fig.2 ) every 4 seconds. It contained energy up to 1 mJ and had a pulse duration of 200 ps full-width at half maximum (FWHM). The beam was then sent through a two inch focal length meniscus lens made of Germanium, and focused on the entrance plane of a collinear HW. A small part of the beam was split before the lens and directed to a calorimeter for incident energy measurement. The HW was mounted on a translation stage with four degrees of freedom (x, y, z and θ x ). The laser beam was either collected by a calorimeter for transmission measurement, or was imaged by a Pyrocam. To increase the resolution, a 5X telescope was used to magnify the image of the output plane of the tube. The laser spot size at the focus was w 0 ≈ 80 µm, which gave us a laser intensity of I ≈ 10 11 W/cm 2 and a Rayleigh length Z R ≈ 1.8mm. We tested waveguides made of several different materials: stainless steel, pyrex, quartz, alumina, silica with AgI coating (Polymicro Inc.), with a radius varying from 150µm to 1mm and lengths up to 30 cm. FIGURE 2. Optical scheme of lower power guiding measurement The image of this lower power laser beam at 1cm after focus is shown in Figure 3 . We can see that a quasi-Gaussian beam diffracts to a larger spot at a distance (~6 Z R ) after the focus. 
HW
After placing a 200 µm-radius, 1cm long waveguide at the focus, the beam is guided with a beam size close to the waveguide aperture (Fig. 4) . The excitation of higher order modes can be seen in Fig. 5 when we use a waveguide with a larger radius (a= 500µm). The intensity distribution here shows an intense central spot and a family of lobes representing higher order modes (Bessel function with larger index). Therefore, for monomode guiding, we choose a=200 micron for transmission measurements The results of transmission measurements for HWs made of stainless steel and pyrex are presented in Fig. 6 . Regardless of materials, it is observed that the transmission decreases exponentially when the length increases. When an exponential function is used to fit the experiment data, the coupling efficiency and attenuation of materials are obtained. Notice that the coupling efficiency C is the transmission when there is no loss on walls, and the length is close to zero.
The coupling efficiency is nearly the same for two types of waveguides with the same radius. The coupling efficiency for stainless steel and pyrex is 88% and 83%, respectively. This observation is in agreement with the theory which predicts that the coupling efficiency between Gaussian and EH 11 modes depends mainly on the ratio between laser spot size and waveguide radius (w 0 /a ).
In low-power experiments, the highest transmission of monomode guiding was obtained for a 1cm-long stainless steel waveguide with 200µm-radius and T≈76%. Comparison of the attenuation of two materials shows that the losses for stainless steel are smaller than the losses for pyrex. One reasonable explanation is the reflection of inner surface of a metallic waveguide is larger than that of a dielectric waveguide. Therefore, stainless steel waveguide is chosen for high-power experiments.
FIGURE 6: Transmission of hollow waveguides (a=200µm)
We also guided intensities up to ~10 12 W/cm 2 in a 1 ft. long hollow silica waveguide (Polymicro Inc.) in the air. For this type of HW, the attenuation on wall is negligibly small for CO 2 laser wavelength; therefore, the transmission is mainly depended on the coupling efficiency. However, despite a very high value of measured transmission, radii of available samples were too large for our tight focus resulting multi-mode guiding.
EXPERIMENTAL RESULTS ON GUIDING OF A HIGH-POWER BEAM
The optical arrangement of the high-power experiments is shown in Fig. 7 . A 20 J, 200 ps-long CO2 laser pulse is sent through a SF 6 cell before entering a vacuum chamber. A SF 6 gas works as a saturable nonlinear absorber at 10.6 µm [10] , providing (at a pressure of 10 Torr) contrast 10 4 -10 5 between the prepulse and the main pulse without noticeable self-focusing. The beam is focused by a F/3 off-axis parabola (OAP) on the entrance plane of a stainless steel waveguide. The laser spot size is around 80µm, providing a peak laser intensity 5x10 14 W/cm2. The hollow waveguide is mounted on a tube holder with five degrees of freedom (x, y, z and θx, θ y). The output beam from the waveguide is directed to a calorimeter for transmission measurement, or a spectrometer for frequency analysis. With a 2 cm long, 1mm-diameter stainless steel HW, the energy transmission is 15% in vacuum and 8% at 180 mTorr of Hydrogen. That is a guiding of 10 14 W/cm 2 , 200ps long, 10µm pulses over 10 Zr. Much lower energy transmission observed for high-power measurements in comparison with low-power tests is related to a poorer high-power beam profile and a plasma closing effect. The plasma formed on the walls of HW expended, and closed the aperture when it reached the critical plasma density on axis. Back reflection of the tail of the pulse was also observed. Therefore we believe the power transmission is higher than the energy transmission. The drop in transmission when filled with a gas is believed mainly because of poorer coupling due to the refraction of the rapidly grown ionized gas. We also measured a spectrum of laser beam after propagating in a Hydrogen plasma. When a plasma forms, it shifts the phase of the laser wave in time, which leads to the frequency chirping of the laser pulse [11] .
When filling the target chamber with 160mTorr Hydrogen, we observed 60 GHz chirp on the spectrometer (Fig. 8 ). It consists with the theoretical calculation when we form a 2-cm long plasma channel at 10 16 cm -3 in the rising time 100ps. Along with the transmission measurement, a fully ionized plasma channel is expected inside the hollow waveguide. 
CONCLUSIONS
In this paper, guiding of a high-power CO 2 laser beam in a hollow waveguide has been investigated. The fundamental propagating mode (EH 11 ) inside the HW is chosen for our study because of its preferable intensity profile, group velocity close to c and relatively low attenuation. The theoretical predictions are then compared with experiments by guiding of a low-intensity CO 2 laser pulse through waveguides made of different materials with different radii and lengths. Experiments with a lowintensity CO 2 laser pulse are in a good agreement with the theory.
Guiding of a high-intensity up to 5x10 14 W/cm 2 laser pulse in a stainless steel waveguide over 10 Rayleigh lengths in vacuum and in gas is also demonstrated. A frequency chirping effect due to the plasma formation on the waveguide walls is seen to occur. Even though the intensity of the laser pulse in the HW is sufficient for gas ionization over the entire length, the transmission efficiency is rather low. The measured value for transmission is 15% in vacuum and 8% in Hydrogen. The transmission could be increased by using 10-20 ps CO 2 laser pulses that is possible to generate. We obtained similar results when two-wavelength laser pulses were guided. The detection of a relativistic plasma beat wave in several centimeter long HW using Thomson scattering [12] is the subject of future work.
